Background: Magnesium deficiency has been associated with type 2 diabetes and may reduce insulin sensitivity and impair glucose tolerance. The etiology of magnesium depletion in diabetes is unclear. Animal studies suggest that diabetes may impair magnesium absorption; however, there are no published data on magnesium absorption in humans with diabetes. Objective: Magnesium absorption from a test meal and the excretion and retention of magnesium were compared between patients with type 2 diabetes and healthy control subjects. Design: A meal labeled with 10 mg 26 Mg isotopic label was administered, and stool and urine samples were collected for 10 and 6 d, respectively. Apparent absorption was calculated as the difference between the oral dose of 26 Mg isotopic label and the total amount of the isotopic label excreted in the feces. Magnesium retention was calculated from the apparent absorption and urinary excretion of 26 Mg isotopic label in the 6 d after administration. Results: Mean (± SD) values for fractional magnesium absorption in the diabetic patients and the control subjects were 59.3 ± 7.0% and 57.6 ± 8.5%, respectively (NS). Mean (± SD) urinary magnesium excretion values in the diabetic patients and the control subjects were 11.2 ± 2.6% and 11.7 ± 3.8%, respectively (NS); retention values were 54.2 ± 7.1% and 51.4 ± 6.1%, respectively (NS). Conclusion: Dietary magnesium absorption and retention are not impaired in patients with reasonably well-controlled type 2 diabetes.
INTRODUCTION
Magnesium deficiency has been reported in type 2 diabetes mellitus. In the United States, 25-39% of diabetic outpatients have low concentrations of serum magnesium (1) . Low serum magnesium concentrations in patients with type 2 diabetes have also been reported in several European countries, eg, Austria, Germany, Italy, France, and Sweden (2) (3) (4) (5) (6) . Similarly, we found significantly lower serum magnesium concentrations in type 2 diabetics than in healthy control subjects in a Swiss population (M Wälti, unpublished observations, 2002) . Magnesium depletion has a negative effect on glucose homeostasis and insulin sensitivity in persons with type 2 diabetes (7, 8) and on the evolution of complications such as retinopathy (9) , thrombosis (8) , and hypertension (8) .
The reasons why magnesium deficiency occurs in diabetes are not clear but may include higher urinary losses, lower dietary intakes, or impaired absorption of magnesium compared with healthy persons. We recently reported that a low dietary intake of magnesium does not appear to contribute to impaired magnesium status in diabetic patients in Switzerland (10) . Several studies reported increased urinary magnesium excretion in type 1 and 2 diabetes (6, (11) (12) (13) (14) (15) , whereas other studies found no significant differences in magnesium excretion between diabetic patients and healthy control subjects (16, 17) . Several authors have suggested that impaired intestinal absorption might contribute to the low magnesium status in diabetic patients (7, 18, 19) . Fractional magnesium absorption is lower in alloxan-induced diabetic rats than in controls (20) . Using in situ perfusion of intestinal segments, Miller and Schedl (21) reported significantly lower magnesium absorption in streptozocin-induced diabetic rats than in controls. However, there are no published data on magnesium absorption in humans with diabetes.
Magnesium has 3 stable isotopes, 2 of which ( 25 Mg and 26 Mg) have low enough abundances (10.0% and 11.01%, respectively) to be used as isotopically enriched labels (22, 23) . The objective of the present study was to compare magnesium absorption and retention between patients with type 2 diabetes and healthy control subjects with the use of stable isotopes.
SUBJECTS AND METHODS

Subjects
Diabetic patients were recruited from the outpatient diabetes clinic at the University Hospital of Zurich and through advertisements in a local newspaper and a diabetes newsletter. All of the patients had a history (≥ 3 y) of type 2 diabetes, were in reasonable metabolic control [mean glycated hemoglobin (Hb A 1c ): 7.3%], and had no history of nephropathy. Of the 12 diabetic patients enrolled, 3 were taking insulin, 7 were taking oral antidiabetic agents, and 2 were not taking any antidiabetic medication. Nondiabetic subjects were recruited from the local community and from the staff of the Swiss Federal Institute of Technology Zurich. All subjects in both the diabetic and control groups were white. At screening, none of the subjects had detectable urinary glucose, protein, or ketone bodies in their urine (Keto-Diastix/Albustix; Bayer Corporation, Tarrytown NY). None of the subjects were regularly taking diuretics, laxatives, or other medications known to directly affect urinary or bowel function. Inclusion criteria included a body mass index (in kg/m 2 ) ≥ 20 and ≤ 29.9. To ensure enrollment of subjects with a normal magnesium status, a venous blood sample was drawn 2-3 wk before the study began, and only those with normal plasma magnesium concentrations [reference range: 0.65-1.05 mmol/L (24)] were included in the study. Initially, 13 diabetic patients and 12 control subjects were enrolled. Two subjects (one in each test group) dropped out of the study after the test meal because of gastrointestinal discomfort, and one subject in the control group did not make a complete stool collection. Thus, 12 type 2 diabetic patients and 10 healthy nondiabetic subjects completed the study. Sample size allowed detection of an absolute difference of 12% in magnesium absorption between groups with a significance level of 0.05 and a power of 90%. Written informed consent was obtained from each subject, and the study protocol was approved by the Ethical Committee of the Swiss Federal Institute of Technology Zurich.
Study protocol
The study protocol was based on the methods described by Turnlund and Keyes (25) and by Bohn (26) . The subjects were instructed to take no vitamin-mineral supplements in the 2 wk before or during the study. The day before isotope administration, a fecal sample and a urine spot sample were collected in polyethylene containers for the determination of baseline magnesium isotope ratios. The weight and height of each subject were measured. The most recent Hb A 1c concentration was recorded from the medical record of the diabetic subjects. For all subjects but one, this value was obtained within 2 mo of the study period. A standardized vegetarian diet was provided for the whole day ( Table 1) . At 2000 on the evening before the test meal was provided, 100 mg Brilliant Blue, a fecal marker, was given orally in a gelatin capsule to indicate the start of the fecal collection period.
After the subjects fasted overnight, they were served a standardized test meal consisting of a wheat-bread roll and 300 g isotopically labeled ultrapure water for breakfast. The water was labeled with 10 mg 26 Mg isotopic label and 5 mg Yb immediately before being administered. Ytterbium was used as a nonabsorbable marker to control for complete stool collection (27) . The exact amounts of the ingested isotopic label and fecal marker were determined by weighing the water beaker before and after the test meal was administered. The bread roll and the drink were ingested simultaneously. No food or drink was allowed for 3 h after ingestion of the test meal. A standardized diet and 2 L ultrapure water were provided for the remainder of day 1 ( Table 1) . From day 2 onward, the diet was unrestricted.
After isotope administration, the subjects collected all urine and stool in preweighed polyethylene containers. The containers used for urine collection contained 5 mL concentrated HCl/L urine to reduce precipitation. Six days after the isotopic label was ingested, 100 mg Brilliant Blue was again consumed orally, and stool was collected in individual portions until the excretion of the second fecal marker was complete. Urine was collected until the evening of day 6. Stool and urine samples were weighed and then stored at Ϫ25 ЊC until analyzed.
Materials
Reagents
All chemicals used were analytic grade. Nitric acid and hydrochloric acid were further purified by subboiling distillation. All water used for the analytic procedures and as drinking water on day 1 was purified by ion exchange and reverse osmosis (18 M⍀, RD2000, Renggli AG, Rotkreuz, Switzerland; Nanopure Cartridge System, Skan AG, Basel, Switzerland). Acid-washed laboratory ware was used for stool and urine sample analyses.
Bread rolls
To reduce the phytic acid content of the wheat-bread rolls, commercial low-extraction wheat flour was used, and the fresh dough was allowed to ferment for 5 h. The dough was separated into identical portions of 74.0 g before being baked. The baked bread rolls were kept frozen until used. 25 MgO (enrichment 97.86%; AMT Ltd) according to the same procedure as described for 26 MgCl 2 . An adjustment of the ratio of 24 Mg to 25 Mg in the isotopic label was necessary to allow for internal normalization of the data. Normalization of the isotope ratios increases reproducibility provided that the natural ratio of 24 Mg to 25 Mg is not altered significantly by addition of the label. After gravimetric preparation of the mixture, the isotopic composition was verified by thermal ionization mass spectrometry (TIMS; see below) against a commercial standard of natural isotopic composition (Titrisol; Merck, Darmstadt, Germany). The normalized 24 Mg / 25 Mg isotpe ratio (3 independent runs) of the isotopic label was 8.029 ± 0.014.
Isotopic label
Fecal markers
Ytterbium chloride hexahydrate (99.998% purity; Aldrich Chemical Co, Milwaukee) was used as a quantitative fecal marker and added to the drink as aqueous solution. Gelatin capsules containing 100 mg Brilliant Blue per capsule were prepared by using Brilliant Blue powder (food quality; Travosa AG, Goldach, Switzerland) and mannitol as a diluent (pharmaceutical quality; Hänseler AG, Herisau, Switzerland).
Sample preparation and analysis
Venous blood samples were drawn into heparin-containing tubes (10 mL) for the measurement of plasma magnesium concentrations at recruitment. Plasma was separated from blood cells by centrifugation at 1550 ϫ g for 15 min at 20 ЊC (Omnifuge 2.0 RS; Heraeus GmbH, Hanau, Switzerland) and stored in plastic vials at Ϫ25 ЊC until analyzed. Frozen stool samples were freeze-dried (Lyolab B; LSL Secfroid SA, Aclens-Lausanne, Switzerland) in the containers used for collection. Freeze-dried feces were ground with a pestle and dried in an incubator at 65 ЊC for 20 h (WTBbinder, Tuttlingen, Germany). The dried samples (including the first fecal sample dyed by Brilliant Blue and including all samples before the second appearance of Brilliant Blue) were milled with the use of a centrifugal mill (1.0 mm mesh, Retsch Type ZM1; Retsch GmbH, Haan, Germany) in the order of collection. The samples from each subject were combined and mixed mechanically by overhead rotation at Ϸ60 rpm for 2 h.
All urine samples were mechanically shaken for ≥ 1 h before being pooled; 6-d urine pools were prepared by combining 1% of each sample (by wt) and were stored at Ϫ25 ЊC. Aliquots of stool pools (1.6 g) and urine pools (3 mL) were mineralized in duplicate by using a mixture of concentrated nitric acid and hydrogen peroxide (30%, suprapur quality; Merck) in a microwave digestion system (MLS 1200; MLS GmbH, Leutkirch, Germany).
The total magnesium content of the mineralized samples was determined by flame atomic absorption spectrometry (SpectrAA 400; Varian, Mulgrave, Australia) at 285.2 nm with the use of the parameters recommended by the manufacturer (28) . A commercial magnesium standard (CertiPUR; Merck) was used for internal calibration by standard addition to minimize matrix effects. Magnesium concentrations of the final diluted solutions ranged from 0.1 to 0.4 g/mL. Lanthanum nitrate (Fluka Chemie GmbH, Buchs, Switzerland) was added as a matrix modifier (5 mg La/mL in the final solutions). All samples were analyzed in duplicate and repeated if the difference between individual values relative to the mean was > 5%.
Quantitative analysis of magnesium in plasma was done by flame atomic absorption spectrometry by standard addition technique after 200-fold dilution of the plasma samples and the addition of lanthanum nitrate (5 mg La/mL). The accuracy of the method was verified by analyzing a serum control sample for magnesium (Seronorm Trace Elements Serum, Nycomed, Oslo). Samples were analyzed in triplicate and repeated if the SD relative to the mean was > 10%. Bread rolls were freeze-dried and mineralized and analyzed for their magnesium content by using the same atomic absorption spectrometric procedure as described for the stool and urine samples. Ytterbium in the fecal pools was quantified by electrothermal atomic absorption spectrometry (SpectrAA 400 and GTA-96 graphite furnace atomiser; Varian) at 398.8 nm with the use of the parameters recommended by the manufacturer (29) . A 5-point external calibration curve was established by using a commercial ytterbium standard (Merck). Samples were analyzed in duplicate and repeated if the difference between individual values relative to the mean was > 5%.
For the magnesium isotopic analysis, magnesium was separated from the mineralized samples by cation-exchange chromatography with a strongly acidic ion-exchange resin as described previously (26) . Aliquots of the mineralized samples were evaporated to dryness in polytetrafluoroethylene vials, and the residue was dissolved in 1.0 mL of 0.7 mol HCl/L and loaded on commercial Pyrex columns (Econo column, 1.0 cm ϫ 10 cm; Bio-Rad, Hercules, CA) filled with ion-exchange resin (AG 50 W X-8, 200-400 mesh; Bio-Rad). After sodium and potassium were eluted with 0.7 and 0.9 mol HCl/L, magnesium was eluted with 1.4 mol HCl/L. The magnesium fraction was evaporated to dryness in polytetrafluoroethylene vials, and the residue was dissolved in 0.5 mL concentrated HCl, transferred to Eppendorff tubes, evaporated to dryness in a furnace at 70 ЊC (WTBbinder), and redissolved in water.
Isotope ratios were determined by TIMS with a single-focusing magnetic sector field instrument (MAT 262; Finnigan MAT, Bremen, Germany) equipped with a Faraday cup multiple collector device for simultaneous ion beam detection. About 20 nmol separated magnesium from fecal and urine samples was loaded onto the metal surface of the evaporation filament of a double-rhenium filament ion source. Magnesium was coated with 5-10 g silica gel, 0.8 mol boric acid, and 30 nmol Al as AlCl 3 (all chemicals from Merck). Each measurement consisted of 50 consecutive isotope ratio measurements. Systematic isotope fractionation effects in the ion source were corrected by internal normalization techniques with the use of an exponential law (30) . Reproducibility for the 24 Mg/ 25 Mg isotope ratio (6 independent runs) was ± 0.01% (relative SD).
Data and statistical analysis
Apparent magnesium absorption and retention from the isotopically labeled test meals were calculated on the basis of the amount of ratio of isotopic label to natural magnesium in 6-d fecal pools and 6-d urinary pools and isotope dilution principles (26) . The amount of 26 Mg isotopic label in each fecal and urine sample was calculated from the amount of ratio of 26 Mg isotopic label to natural magnesium as determined by TIMS analysis and the total magnesium amount in the feces and urine as determined by atomic absorption spectrometry. Apparent absorption was calculated as the difference between the orally administered dose and the total amount of isotope excreted in feces and expressed as the percentage of the administered dose. Retention of 26 Mg was calculated by subtracting the total amount of 26 Mg isotopic label recovered in the feces and urine from the administered dose. Complete collection of stool material was verified via ytterbium recovery. Subjects with an ytterbium recovery < 75% were excluded. When the ytterbium recovery was between 75% and 90%, absorption was corrected by using the following formula (31):
Corrected absorption (%) = [1Ϫ (% isotope dose excreted/% rare earth dose excreted)] ϫ 100
An ytterbium recovery of 90-110% was considered to be in the range of analytic error of the method. EXCEL 97 (Microsoft, Seattle) and SPSS for WINDOWS 11.0 (SPSS Inc, Chicago) were used for data processing and statistical analysis. The normal distribution of data was verified by calculating the quotient of the skewness divided by its SE. A normal distribution is assumed when this quotient lies between Ϫ2.5 and 2.5. Data were expressed as arithmetic means ± SDs. Differences between groups were evaluated by using unpaired Student's t test and were considered statistically significant at P < 0.05. Analysis of variance was used to test for associations with magnesium absorption, excretion, and retention as dependent variables.
RESULTS
The baseline characteristics of the 2 groups are shown in Table 2 . There were no significant differences in the sex ratio, height, weight, body mass index, or plasma magnesium concentrations between the groups. The magnesium content of the wheat-bread rolls was 13.5 ± 0.7 mg. The total magnesium content of the test meals (native magnesium plus isotopic label) was 23.6 ± 1.0 mg.
The apparent absorption, urinary excretion, and retention of magnesium in the diabetic and control groups are shown in Table 3 . There were no significant differences in mean fractional magnesium absorption, mean urinary magnesium excretion, or mean magnesium retention between the groups. Data from 1 subject in the control group were excluded from the analysis because of a low ytterbium recovery (< 20% of the dose). For 3 subjects (2 diabetic patients, 1 control subject), fecal magnesium excretion was corrected on the basis of ytterbium recovery (see Data and statistical analysis). In one diabetic patient, magnesium absorption was calculated; however, magnesium retention was not because of incomplete urine collection. The analysis of variance showed that, sex, age, body mass index, baseline plasma magnesium, Hb A 1c concentration, and duration of diabetes and diabetes medication use did not significantly predict the dependent variables magnesium absorption, excretion, and retention .
DISCUSSION
In diabetic patients, enteric neuropathy and microvascular disease can alter the intestinal absorption of carbohydrates, amino acids, and minerals (32) (33) (34) . The intestinal absorption of calcium and zinc is lower in diabetic rats and humans than in healthy control subjects (35) (36) (37) . The results of studies in diabetic rats suggest that magnesium absorption may also be impaired. Schneider and Schedl (20) reported lower fractional magnesium absorption in alloxan-induced diabetic rats (18%) than in control animals (27%). Net magnesium absorption was not significantly different between groups because the diabetic rats were hyperphagic and their magnesium intake was 60% higher than that of the controls. Miller and Schedl (21) measured magnesium absorption by in situ perfusion of intestinal segments in streptozocin-induced diabetic rats. Magnesium absorption was significantly lower in the intestine of diabetic rats than of controls, and the authors attributed these findings in part to the abnormal vitamin D metabolism that was observed in the diabetic rats. These studies were performed in rat models for type 1 diabetes. In contrast with the findings of these animal studies, our data suggest that dietary magnesium absorption and retention are not lower in humans with reasonably well-controlled type 2 diabetes than in healthy control subjects. However, if we had enrolled subjects with advanced diabetes and established neuropathy, microangiopathy, or both, we might have detected a difference in absorption. In addition, the differences in results may have been due to differences in the methods used or to inherent differences between animal models of diabetes and human diseases.
In the present study, the mean apparent magnesium absorption from our test meal was between 57.6% and 59.3%. This value is higher than that previously showed in a balance study for whole diets, in which the magnesium absorption was 21-27% from selfselected diets with a mean daily magnesium content of 323 and 234 mg in men and in women, respectively (38) . Fractional magnesium absorption ranged from 10% to 65% in balance studies that used different diets or supplements (39, 40) . In stable-isotope studies in adults, apparent absorption varied from 20% to 60% (26, (41) (42) (43) . Fractional magnesium absorption is highly dependent on the amount of magnesium in the meal; the larger the amount, the lower the fractional absorption (39) . Moreover, magnesium absorption may be increased (protein and fructose) or inhibited (cellulose, phytic acid, and oxalic acid) by other food components (44) . The high fractional magnesium absorption from our test meal was presumably due to the very low magnesium content (23.6 mg) of the meal, which contained no known inhibitors of magnesium absorption. Use of an oral isotopic label alone does not allow determination of true magnesium absorption, only that of apparent absorption. Magnesium is reexcreted in the intestine in pancreatic, bile, and other intestinal excretions and by cell sloughing. Few data on endogenous intestinal losses of magnesium are available, with reports ranging from 2 to 38 mg/d (45) (46) (47) . Measured apparent absorption is therefore lower than true absorption. As has been shown previously in stable-isotope studies, the absolute difference between apparent and true absorption is 2-10% in healthy subjects (26, 42, 48) , which is not of major practical significance for the comparison of magnesium absorption.
Several studies have shown elevated urinary magnesium excretion in both type 1 and 2 diabetic patients (6, (11) (12) (13) (14) (15) , and elevated urinary magnesium excretion in diabetes is associated with elevated fasting blood glucose and Hb A 1c concentrations (11) . Studies in type 1 diabetic patients have shown that urinary magnesium excretion increases in response to a glucose infusion (49) . Urinary magnesium excretion is also elevated in diabetic patients with osmotic diuresis secondary to glycosuria (11) (12) (13) . However, other studies found no significant differences in urinary magnesium excretion between diabetic patients and healthy control subjects (16, 17) . In the present study, mean urinary magnesium excretion in the diabetic group was not higher than that of the healthy control group. This may have been due to the fact that the diabetic patients were in reasonable metabolic control, and none had detectable nephropathy.
Our sample size allowed detection of an absolute difference in magnesium absorption of ≥ 12% between groups. A ␤ error was possible because of the small sample size. However, we judged that a difference in absorption of ≥ 12% between groups would be of clinical relevance and could potentially contribute to a low magnesium status in diabetes. A potential source of error in our method was an incomplete fecal or urine collection. To correct for an incomplete collection of stool, ytterbium was administered together with the labeled test meal. Ytterbium is a rare earth element, the absorption of which is < 0.05% when administered orally (50) . Rare elements have been evaluated in studies of iron and magnesium (26, 27, 51) and have been shown to be useful tools to correct for incomplete stool collection. Bohn (26) showed that the excretion of ytterbium and the magnesium isotopic label was significantly correlated. Unfortunately, there is no suitable marker available to check for the completeness of urine collections. p-Aminobenzoic acid has been used as a quantitative urine control marker (52) (53) (54) , but its safety has been questioned (55) . The use of creatinine as a quantitative control marker has low sensitivity, particularly in older age groups (53, 56) . Therefore, we judged the completeness of the urine collection on the basis of the total volume collected and on confirmation of the compliance of our subjects.
In summary, the results of the present study indicate that type 2 diabetic patients in reasonable metabolic control and without nephropathy absorb and retain dietary magnesium to an extent similar to that of healthy control subjects. Because nephropathy is common in patients with long-standing diabetes, and because good glycemic control is difficult to achieve, these findings may not be generalizable to the diabetic population as a whole. It is possible that poor magnesium status is a problem only in poorly controlled diabetic patients, who have elevated urinary magnesium losses as a result of glycosuria. Additional studies in less well-controlled patients with type 2 diabetes and in patients with type 1 diabetes are needed to confirm our finding that impaired magnesium absorption does not contribute to poor magnesium status in diabetic patients.
